To improve the performance of a metal ion plasma jet in vacuum discharge, an anode-insulated cone-cylinder electrode with insulating sleeve is proposed in this paper. Discharge characteristics and generation characteristics of plasma of the electrode are investigated, effects of diameter of insulating sleeve, variety of cathode material and length of the insulating sleeve on characteristics of metal ion plasma jet are discussed. Results indicate that a directional and steady plasma jet is formed by using the novel electrode with insulating sleeve under high vacuum conditions. Moreover, the properties of metal ion plasma jet are improved by using the aluminum cathode and thin and long insulating sleeve. The study provides strong support for research of vacuum metal ion plasma thruster and ion implantation technology.
Introduction
The plasma in vacuum gap discharge is made up of metal ions from cathode material and electrons, and diffuses in different directions under the action of potential hump near the cathode [1] [2] [3] . If the density, propagation velocity and performance of directional ejection of metal ion plasma jet are improved, it will be better applied to ion implantation technology and pulsed plasma thruster [4] [5] [6] [7] [8] . In order to improve properties of plasma jet, a lot of research studies have been carried out [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Taisen Zhuang analyzed the effect of magnetic field on performance of plasma jet. It was found that the density and velocity of plasma jet were effectively promoted by adopting suitable magnetic field [14] . The research of James E. and Polk showed that kinetic energy of arc plasma increased when plasma was accelerated electrostatically [15] . Based on physics of cathode phenomena during vacuum-gap discharge, Isak I. Beilis set up a plasma generation model, investigated the relationship between velocity of plasma jet and the primary time τ of spot ignition and verified the result by experiments eventually. The result indicated that if the primary time τ of spot ignition was smaller, the velocity of plasma jet would be higher for the same material [16] . In the previous study on plasma in vacuum-gap discharge, we explored the impact of electrode shapes and insulation dielectric on plasma density and propagation velocity. Moreover, the performance of the plasma jet was improved by optimizing the electrode structure [17, 18] . However, in these completed studies, the capability of directional ejection of plasma generated in discharge was poor, and a large amount of plasma entered electrodes, which reduced the performance of metal ion plasma jet. Based on the study of vacuum gap discharge in the early stage, an anode-wrapped cone-cylinder electrode structure with an insulating sleeve is proposed in this paper. The electrode structure hinders radial diffusion of plasma with blocking and binding of insulating sleeve and reduces amount of plasma to electrodes with anode insulated. Accordingly, properties of the metal ion plasma jet under high vacuum conditions are enhanced.
Experimental setup
The schematic of experimental setup of vacuum discharge and measurement system is shown in figure 1 . Entire system mainly consists of three parts: discharge electrode structure, discharge circuit and measurement system for plasma parameters. In discharge experiments, a mechanical pump and an oil diffusion pump are used to control the pressure of vacuum chamber at 10 −4 Pa. The discharge phenomenon with electrode can be observed by a glass window mounted on the vacuum chamber.
As is shown in figure 1 , the discharge electrode structure comprises a cathode, an anode and the insulating medium. The metallic lead cathode arranged in the insulating sleeve is cylindrical in shape, and one end is made into a cone. The insulation medium includes a porcelain insulating sleeve and the Teflon insulation material that is used to wrap the anode. The letter D and L identify the diameter and length of the insulating sleeve respectively. The anode is cylindrical in shape and metallic copper in material. The geometric center of anode coincides with the cone tip of cathode, axes of cathode, insulating sleeve and anode coincide with each other.
The discharge circuit is composed of a main discharge circuit and a trigger circuit. A schematic of the main pulsed discharge circuit adopted is shown in figure 2 [17] . A 220 V AC input voltage is boosted by a step-up transformer, and 0.1 μF capacitor C 2 is charged through a voltage-doubling rectifying circuit, the variable output voltage of the single-pulse power supply is 0-20 kV. When a trigger signal is applied to the discharge gap, breakdown occurs in the gap. One end of capacitor C 2 is grounded instantaneously, forming a negative high voltage which is connected to both ends of the electrode, and causing discharge between electrodes.
Parameters of plasma produced in the discharge are measured using the improved Langmuir probe method in this paper [19] , the schematic of Langmuir probe measurement circuit is shown in figure 3 . The specific method is as follows, set a single Langmuir probe at a distance of 153 mm from anode. A certain DC bias voltage is applied to the Langmuir probe, and then the electron current flowing on the probe is recorded in each discharge. In order to reduce measurement error, the average peak value of electron current of 10 times is taken as the exact electron current value at the bias voltage eventually. The V-lnI characteristics curve of probe electron currents at different bias voltages is obtained by changing bias voltage and repeated record. Then plasma parameters at the probe position are calculated according to the curve. Set a second probe at 20 mm away from the electrode direction. The propagation velocity of plasma is gained by measuring the time interval of peak value of the electron currents between two Langmuir probes.
Plasma generation in discharge of anode-wrapped cone-cylinder electrode
The electric field intensity and distribution between electrodes before discharge plays an important role in the initial discharge voltage in vacuum-gap discharge [20] . And it is concluded that the reduction of the initial discharge voltage is vital to the applications of metal ion plasma in vacuum. Therefore, in this section, the distribution characteristics of space electric field between electrodes are analyzed with ANSYS MAXWELL 3D and discharge characteristics of the electrode are further explored by experiments.
Discharge characteristics
The electrode structure employed in this study is shown in figure 4 (a). The diameter of cylindrical end of cathode is 4 mm, and the cone angle of conical end is 53 degrees; outer diameter of insulating sleeve is 5 mm, and the extending length of insulating sleeve is 1 mm; outer diameter of anode is 6 mm, and the width of anode is 1 mm. During discharge experiments, it was found that no discharge occurred between electrodes when the voltage was below 15 kV.
The distribution of space electric field between electrodes is shown in figure 4 (b). The applied voltage on cathode is −15 kV, and the anode is grounded in the model. It is seen from the simulation results that the electric field intensity near the cone tip of the cone-cylinder electrode is larger, and the maximum amplitude is up to 2.5028×10 7 V m −1 . It is known that electron field emission occur at the spot where the electric field intensity is the highest. Therefore, according to the simulation results, the field emission is more likely to occur near the cone end of the cathode for cone-cylinder electrode structure.
In discharge experiments, voltage of cathode and anode compared to that of ground is measured directly by two high-voltage probes respectively, and the exact discharge voltage waveform between electrodes is obtained by subtracting them eventually. Discharge current is characterized by a voltage waveform flowing through 1 Ω resistor connected in series with the anode. According to the main discharge circuit in figure 2 , the relationship between discharge current I and measured voltage flowing through 1 Ω resistor is as follows: I=150 U. The discharge voltage waveform and current waveform obtained from experiment are shown in figure 5 . As is seen from the diagram, the discharge voltage waveform of the anode-wrapped electrode is oscillatory and attenuated as a result of the influence of capacitance and inductance in the main discharge circuit and electrodes. Based on the electrode structure and parameters given above, the maintenance voltage between electrodes is not less than 5 kV in 6.5 μs. A current with a magnitude of about 120 A and a duration of about 17 μs is generated during discharge. Further analysis shows that the anodewrapped electrode structure could prevent the plasma from entering the anode channel to form circuit current, and the release rate of the energy stored in C 2 is reduced. Therefore, there is a long maintenance time of discharge voltage between electrodes.
Generation characteristics of plasma
In the single pulsed discharge experiment, the electron current waveform at the probe bias voltage of 10 V is shown in figure 6(a) . The V-lnI characteristics curve of bias voltages and the electron currents obtained is shown in figure 6(b) . And the plasma density calculated from the V-lnI curve is 9.78×10 18 m −3 . The propagation velocity of plasma measured by double probe is 8.10×10 3 m s −1 . The discharge phenomenon taken by a camera with an exposure time of 0.7 s is shown in figure 7 , and the length of plasma jet is 7 mm. There is obvious ablation phenomenon near the cathode tip and surface after many discharges between electrodes, while the cathode surface at the junction point of cathode-insulating sleeve-vacuum is not ablated. Therefore, it is believed that the generated jet is metallic lead ion plasma jet. Based on the electrode structure proposed in this paper, the plasma generated from cathode are blocked and bound by insulating sleeve, and they move along the insulating sleeve. Finally, under the action of the potential hump, the plasma eject axially along the insulating sleeve. And the anode of the electrode is insulated, which prevents the movement of plasma to electrodes, leaving more plasma ejecting along the insulating sleeve. Therefore, in the high vacuum environment, a metal ion plasma jet with directional ejection and high density is formed using the cone-cylinder electrode structure when the insulating sleeve is added and the anode is insulated.
Influence factors on metal ion plasma jet
Based on the electrode adopted in this paper, we also made further analysis and carried out more experiments to improve the performance of the metal ion plasma jet.
Diameter of insulating sleeve
In discharge experiments, in order to reduce initial discharge voltage between electrodes while improving the performance of metal ion plasma jet, the discharge characteristic was studied using the lead (Pb) cathode with an insulating sleeve whose inner diameter is 1 mm. The electrode structure is shown in figure 8(a) . The cathode diameter at the cylindrical end is 1 mm, and the cone angle at the cone end is 53 degrees; outer diameter of insulating sleeve is 2 mm, and the length is 1 mm; outer diameter of anode is 3 mm, and the width is 1 mm. Based on discharge experiments, we found that no discharge occurred between electrodes when the voltage measured by high-voltage probes was below 9.5 kV.
When the voltage applied on cathode is −9.5 kV and the anode is grounded, the simulation result of electric field distribution between electrodes is shown in figure 8(b) . According to the simulation results, the maximum electric field intensity near cone cathode tip is 6.3521×10
7 V m −1 , which is 2.54 times of the maximum electric field intensity when diameter of insulating sleeve is 4 mm and the applied voltage on cathode is −15 kV in part 3.1. Therefore, a stronger electric field is obtained near the cathode tip while reducing the discharge voltage between electrodes when a thinner insulating sleeve is adopted.
In the jetting channel of metal ion plasma, the density is 1. , and the propagation speed increases by 7.7% compared with that when the diameter of insulating sleeve is 4 mm. The discharge phenomenon pictured by a camera whose exposure time is 0.7 s is shown in figure 9 . We obtain that the length of plasma jet is 11 mm, and it increases by 57% compared to that when the diameter of the insulating sleeve is 4 mm. Based on experiments results, we analyzed that the radial diffusion distance of the plasma generated by the cathode is shorter when the diameter of the insulated sleeve is smaller. That's to say, the generated plasma will be blocked and bound by the insulating sleeve within the shorter radial distance. So we speculate that more metal ions are gathered near the cathode, forming a higher hump potential near the cathode. Under the action of the hump potential, the propagation velocity of plasma eventually becomes higher and an optimized plasma jet is formed.
Cathode materials
In the vacuum gap discharge experiments, characteristics of cathode material have an important impact on characteristics of plasma jet. Accordingly, discharge characteristics of copper and aluminum cathodes are further studied with a diameter of insulating sleeve of 1 mm and length of 1 mm. The discharge phenomena is shown in figure 10 when cathode materials are lead (Pb), copper (Cu) and aluminum (Al) respectively. The results of plasma parameters measured in experiments are shown in table 1. In order to compare characteristics of plasma jets with different cathode materials, the same discharge phenomena and parameters of Pb cathode are used as section 4.1.
Based on the measured results of plasma parameters and theoretical analysis, it can be seen that the discharge voltage between electrodes of Pb material is the lowest due to the fact that the work function of metal Pb is the lowest, while the discharge voltage of copper material is the highest. At the initial discharge voltages between cathodes with different materials, the electric field intensity near the cone tip of the copper electrode is the maximum, and the plasma density is also the maximum.
In the process of plasma propagation, there are Al 2+ and Al 3+ ions existing in the plasma produced by the aluminum cathode in discharge, and the positive potential formed near the cathode is higher [21] . Therefore, propagation velocity is the highest and length of plasma jet is the best using aluminum cathode for different cathode materials studied above.
Length of insulating sleeve
The impact of different lengths of insulating sleeves on characteristics of plasma jet is investigated by adopting the electrode structure of aluminum cathode and insulating sleeve with a diameter of 1 mm in this section. In discharge experiments, it was found that when lengths of insulating sleeves were 1 mm, 4 mm and 7 mm, and the voltage measured for discharge between electrodes were not less than 10 kV, 13 kV, 18 kV, respectively.
Distributions of electric field between electrodes with different lengths of insulting sleeves are analyzed using the electric field simulation software. The electrode structure and distribution of electric field vector are shown in figure 11 . When the insulating sleeve become longer, the voltage required for discharge between electrodes is increased, and the electric field intensity near cathode is greater. Moreover, it is seen from figure 11 that distribution of electric field intensity vector is more intensive at corresponding position in insulating sleeve. Accordingly, the plasma acceleration time is prolonged, which makes plasma gain higher velocity and improves the performance of the plasma jet.
Based on discharge experiments with lengths of insulating sleeves given above, the discharge phenomena obtained by a camera with an exposure time of 0.7 s are shown in figure 12 . Plasma parameters are measured by the Langmuir probe method, and the measured results of plasma parameters are shown in table 2. In order to compare the jet characteristics with different lengths of insulating sleeves, we adopt the data of the discharge phenomena and parameters which are the same with that in section 4.2 when the length of the insulating sleeve is 1 mm.
As is shown in table 2, if the length of insulating sleeve become longer, the discharge voltage required between the electrodes increases. The plasma density, plasma propagation velocity and length of plasma jet are gradually improved. Based on simulation and experiments results above, on one hand, if the length of insulating sleeve increases, the electric field intensity becomes greater inside insulating sleeve and the propagation velocity of plasma becomes higher; On the other hand, we analyze that if a longer insulating sleeve is adopted, the more plasma will be blocked and bound in the insulating sleeve. And we speculate that the density of metal ions near the cathode increases and form a higher hump potential here. Therefore, the performance of plasma jet is improved by increasing the length of insulating sleeve with the cone-cylinder electrode. However, when the length of the insulating sleeve extends, that which factor is the one that has a greater impact on the performance of plasma jet still needs further study and verification.
Conclusions
A novel electrode structure of anode-wrapped cone-cylinder electrode with an insulating sleeve is proposed in this paper. And the discharge characteristics and generation characteristics of plasma are explored. The performance of metal ion plasma jet in vacuum environment is improved. The main conclusions according to the study are as follows: Firstly, the anode-wrapped cone-cylinder electrode structure with an insulating sleeve hinders radial diffusion of plasma and prevents plasma from entering the electrodes. Therefore, a plasma jet with high energy, high density and directional and stable ejection is formed in the high vacuum environment.
Secondly, a thinner insulating sleeve can improve the density of metal ions near the cathode, resulting in a higher positive potential near the cathode. Furthermore axial electric field intensity in the insulating sleeve is enhanced and the plasma acceleration time is prolonged with increasing the length of the insulating sleeve. Therefore, the use of aluminum with thin and long insulating sleeves improves the performance of metal ion plasmas jet. 
